Abstract: Herein, we describe the synthesis and Stille cross-coupling reactions of 2-(tributylstannyl)-and 2,5-bis(trimethylstannyl)tellurophene. The reactions were most optimal when using aryl iodides as coupling partners, and a mixed catalyst system consisting of tetrakis(triphenylphosphine)palladium(0) and copper(I) iodide, together with cesium fluoride as additive, in N,N-dimethylformamide. This is the first reported synthesis and use of stannylated tellurophenes for cross-coupling reactions.
Transition-metal catalyzed cross-coupling reactions are highly utilized in organic synthesis for the construction of carbon-carbon bonds. 1, 2 Of the various types of aryl-aryl cross-coupling reactions, the Stille reaction is one of the most used due to the stability and wide functional-group compatibility of arylstannanes. 3 As a result, the synthesis of numerous aryl and heteroaryl stannanes and their subsequent use in cross-coupling reactions have now been described in the literature. [1] [2] [3] As part of an ongoing project involving the synthesis of di-cationic diarylchalcogenophenes, 4 ,5 we were in recent need of an efficient synthesis of various 2,5-diaryltellurophenes. The most common route to such compounds, involving the cyclization of 1,4-diaryl-1,3-butadiynes to 2,5-diaryltellurophenes with sodium telluride (Na 2 Te), 6 was not sufficient in our hands. We thus considered the use of the Stille cross-coupling reactions of a distannylated tellurophene with an aryl halide. A literature review revealed that Stille reactions using stannylated tellurophenes have not been previously described, although reactions employing stannylated furans, 7 thiophenes 1b and even selenophenes 8 are known. Furthermore, although there have been recent examples of crosscoupling reactions involving halogenated tellurophenes as coupling partners, 9 there have been no reports of crosscoupling reactions involving a metallated tellurophene as a coupling partner. 10 We thus set out to develop this chemistry. As a result, we now describe the synthesis and crosscoupling reactions of 2-(tributylstannyl)tellurophene and 2,5-bis(trimethylstannyl)tellurophene for the convenient synthesis of 2-aryl-and 2,5-diaryltellurophenes.
Initially, we focused on the synthesis of 2-(tributylstannyl)tellurophene (1) . Similar to furan and thiophene, 8 standard monolithiation of tellurophene using butyllithium (1.1 equiv) in diethyl ether for 30 minutes at room temperature, followed by quenching with tributyltin chloride, gave the desired mono-tin tellurophene 1 in 57% yield as a pale-yellow liquid after vacuum distillation (Scheme 1). The use of N,N,N',N'-tetramethylethylenediamine (TMEDA) in the monolithiation did not improve the yield.
Next, we turned our attention to the synthesis of the di-tin tellurophene. In this case, we elected to prepare the bis(trimethylstannyl) analogue (2), as this was expected to form a crystalline solid, considering the corresponding thiophene 11 and selenophene 13 are solids. Our initial attempts at dilithiation using butyllithium (2.1 equiv) and TMEDA in diethyl ether at room temperature gave a poor yield of the di-stannyl tellurophene 2 (<20% yield), with a significant amount of the mono-stannyl product being isolated (27% yield) after quenching with trimeththyltin chloride. However, upon performing the dilithiation using sec-butyllithium and TMEDA 11 and heating in hexanes for 45 minutes before quenching, we were able to obtain a 42% yield of 2 as a colorless crystalline solid after recrystallization from methanol. Both the mono-and distannyl tellurophenes appear to be very stable compounds, with no visual evidence of decomposition upon prolonged storage at 0°C. In contrast, tellurophene itself is prone to decomposition upon similar storage.
Scheme 1 Synthesis of mono-and di-stannyltellurophenes
With the mono-and di-stannyl tellurophenes in hand, we turned to the Stille cross-coupling reactions. Our first coupling involved the reaction of mono-tin tellurophene 1 with 4-bromobenzonitrile (1 equiv) in the presence of tet- rakis(triphenylphosphine)palladium(0) (2-3 mol%) in toluene, which are typical conditions 3 for a Stille coupling (Scheme 2). This reaction proved sluggish, and after heating for two days at near reflux, the yield of 2-(4-cyanophenyl)tellurophene (3a) was only 36% following purification. In our previous work, these standard conditions gave much higher yields when the analogous monostannyl furan, 7 thiophene 12 and even selenophene 4 were coupled with 4-bromobenzonitrile, with no noticeable differences in reactivity observed within the series. On the other hand, Tierney and co-workers 13 have recently observed a lower reactivity of a stannylated selenophene compared to the analogous thiophene. In the end, our results here suggest a relatively low reactivity for stannylated tellurophene 1 in Stille couplings.
Scheme 2 Stille coupling of mono-stannyl tellurophene 1 with 4-bromo-or 4-iodobenzonitrile
In an attempt to improve the yield of the coupling reaction, we explored the use of an aryl iodide as coupling partner, instead of the aryl bromide. We also included copper(I) iodide as co-catalyst and cesium fluoride as additive, and changed the solvent to N,N-dimethylformamide, conditions which have been shown to improve certain Stille couplings.
14 Under these conditions (Scheme 2), the reaction was complete after heating overnight (16 h) at just 60°C, with a 64% yield of coupling product 3a being obtained after purification. Satisfied with this result, we explored the use of other aryl iodides in this reaction. Table 1 shows the results obtained from the synthesis of a number of 2-aryltellurophenes that were prepared in this manner, with purified yields ranging from 61-88%.
The mixed catalyst conditions were next applied to crosscoupling reactions with of di-stannyl tellurophene 2. Here again, aryl iodides were used as coupling partners. As shown in Table 2 , the yields obtained for the symmetrical 2,5-diaryltellurophenes ranged from moderate to excellent (42-88%), with yields being highest for those products containing an electron-withdrawing group (entries 1 and 4). The lower yields for the other products may partly be a consequence of our purification method (recrystallization), although the electronic nature of the substituents could have affected the coupling reaction. Ultimately, this Stille approach has allowed us to prepare these 2,5-diaryltellurophenes in a very convenient manner, where the traditional tellurophene ring-forming approach had generally failed in our hands. In summary, novel mono-and di-stannyl tellurophenes have been prepared and used for the convenient preparation of 2-aryl-and 2,5-diaryltellurophenes by Stille coupling with aryl iodides. The mixed copper-palladium catalyst system, with cesium fluoride as additive, was found to give moderate to excellent yields of the coupling products and appears to perform better than the standard Stille conditions that employ a palladium catalyst alone. This chemistry, which is the first example of the use of stannylated tellurophenes for coupling reactions, has allowed the preparation of arylated derivatives that were not readily available by other methods.
Tellurophene was prepared according to our published procedure. 15 Et 2 O was distilled from a sodium/benzophenone still prior to use. Hexanes was dried over CaH 2 and distilled prior to use. Anhydrous DMF was purchased and used as received.
1 H NMR spectra were recorded on a Bruker Avance spectrometer at 300 MHz using the residual solvent peak as an internal standard (d = 7.26 ppm for CDCl 3 , 2.49 ppm for DMSO-d 6 ). 13 C NMR spectra were recorded at 75 MHz using the residual solvent peak as an internal standard (d = 77.5 ppm for CDCl 3 ; 39.5 ppm for DMSO-d 6 ). Melting points were obtained using a Mel-Temp 1201D apparatus and are uncorrected. Elemental analyses were performed by Atlantic Microlab, Inc. High resolution mass spectra were provided by the Mass Spectrometry Laboratory at the University of Alabama. IR was performed with a Perkin-Elmer Spectrum 100 FT-IR spectrometer using ATR.
2-(Tributylstannyl)tellurophene (1)
To a three-neck, round-bottom flask (100 mL) was added tellurophene (3.58 g, 20 mmol) and anhyd Et 2 O (50 mL). An addition funnel loaded with (n-Bu) 3 SnCl (7.16 g, 22 mmol) was placed on the flask. At r.t. and under nitrogen, BuLi (13.75 mL, 1.6 M in hexanes, 22 mmol) was added slowly by syringe to the tellurophene solution, and the resulting tan-colored mixture was stirred at r.t. for 45 min. The mixture was then chilled in a salt-water-ice bath, and the (n-Bu) 3 SnCl was slowly added. After stirring overnight (~18 h), a small amount of EtOH was added and the mixture was washed with H 2 O (3 × 50 mL). The dark-red organic layer was dried over Na 2 SO 4 and concentrated by rotary evaporation to give a thin oil. Vacuum distillation (8 cm vigreux fractionating column at ~1 Torr) gave the product 1, which was pure by GC/MS. 
2,5-Bis(trimethylstannyl)tellurophene (2)
To a three-neck, round-bottom flask (500 mL) was added tellurophene (6.1 g, 34 mmol), TMEDA (8.33 g, 71.6 mmol) and hexanes (100 mL). Under nitrogen, the mixture was chilled in an icewater bath and s-BuLi (51.1 mL, 1.4 M in cyclohexane) was added dropwise by addition funnel. The resulting light colored suspension was then heated to near reflux for 45 min. The dark-brown mixture was then chilled in an ice-bath again and Me 3 SnCl (71.6 mL, 1.0 M in hexanes) was slowly added by addition funnel. After stirring overnight at r.t., sat. aq NH 4 Cl (80 mL) was added to the reaction. The layers were separated and the organic layer was washed with aq CuSO 4 until no more precipitate appeared. The extract was filtered over Celite, washed with H 2 O (2 × 50 mL), dried over Na 2 SO 4 and concentrated to approximately 50 mL on a rotary evaporator. After chilling on ice, crystals (6.8 g) were collected by suction. Concentration of the filtrate and trituration with MeOH gave a second crop of crystals (1.2 g). Both sets of crystals were combined and recrystallized from MeOH.
Yield: 7.1 g (42%); colorless crystals; mp 120°C (MeOH). 1 68 mmol), CuI (0.016 g, 84 mmol), and then DMF (2 mL). After purging with nitrogen, tellurophene 1 (0.436 g, 0.93 mmol) was added and the mixture was heated at 50-60°C overnight. After this time, TLC (hexanes-EtOAc, 3:1) showed the disappearance of 4-iodobenzonitrile. The reaction was then extracted with CH 2 Cl 2 and washed with H 2 O (3 × 10 mL). The extract was dried over Na 2 SO 4 and concentrated on a rotary evaporator. The yellow solid was then recrystallized from hexanes (30 mL) to give the product 3a.
Yield: 0.15 g (64%); fine yellow solid; mp 63°C. 
2,5-Diaryltellurophenes by Stille Coupling; Typical Procedure 2,5-Bis(4-cyanophenyl)tellurophene (4a)
To a 25 mL round-bottom flask was added 4-iodobenzonitrile (0.498 g, 2 mmol), Pd(PPh 3 ) 4 (0.107 g, 93 mmol), CsF (0.565 g, 3.72 mmol), CuI (0.035 g, 186 mmol) and then DMF (4 mL). After purging with nitrogen, 2,5-bis(trimethylstannyl)tellurophene (2; 0.467 g, 0.93 mmol) was added and the mixture was heated at 50-60°C overnight (~16 h). The reaction was then diluted with MeOH and the resulting precipitate was collected by suction. This precipitate was dissolved in CH 2 Cl 2 and gravity filtered to remove Pd catalyst. The filtrate was then partially concentrated on a rotary evaporator (to about half volume) and diluted with hexanes (about equal volume). The solution was then further concentrated until nearly all the CH 2 Cl 2 had evaporated. The resulting solid (0.302 g, 88%) was collected by suction and recrystallized from MeOH (~130 mL) to give the product 4a. 
